Background & Aims-Full length keratin-18 (FL-K18) and High Mobility Group Box-1 (HMGB1) represent circulating indicators of necrosis during acetaminophen (APAP) hepatotoxicity in vivo. In addition, the caspase-cleaved fragment of K18 (cK18) and hyperacetylated HMGB1 represent serum indicators of apoptosis and immune cell activation respectively. The study aim was to assess their mechanistic utility to establish the balance between apoptosis, necrosis and immune cell activation throughout the time course of clinical APAP hepatotoxicity.
INTRODUCTION
Drug-induced liver injury (DILI) represents a leading cause of acute liver injury (ALI) and is an important clinical concern. Acetaminophen (APAP) is a widely used analgesic and antipyretic which is safe when taken at therapeutic doses. However, APAP hepatotoxicity following overdose contributes to around 50% of cases of acute liver failure (ALF) both in the USA and UK, results in >200 deaths/year in the UK alone and is a component in 40% of the 80,000 poisoning presentations to UK hospitals [1] . Circulating biomarkers that represent the different mechanistic aspects of APAP hepatotoxicity validated from preclinical models may have utility in the clinical situation to provide information regarding the mechanism of ALF and the stratification of patient care. We have recently shown that circulating microRNAs represent a novel class of liver specific blood based-biomarker during clinical APAP hepatotoxicity [2] . Although microRNAs represent highly liver specific biomarkers, the mechanism of release from the dying hepatocyte (or from what mode of cell death) is still largely undefined.
High Mobility Group Box-1 protein (HMGB1) and Keratin-18 (K18) have been previously reported as circulating mechanistic indicators of cell death mode in animal models [3, 4] and in clinical studies [5] . HMGB1 is passively released by cells undergoing necrosis and acts as a Damage Associated Molecular Pattern (DAMP) molecule by targeting Toll-like Receptors (TLR) and the Receptor for Advanced Glycation End products (RAGE) [6, 7] . HMGB1 is also actively secreted as an inflammatory mediator by monocytes and macrophages in a hyper-acetylated form [3, 8] . Oxidation of cysteine residues within the cytokine binding domain of HMGB1 via the induction of apoptosis has been shown to inhibit its proinflammatory function [9] , a finding that is associated with the lack of hepatic inflammation in pre-clinical, non-fasted models of APAP hepatotoxicity [4, 10] .
Caspase-mediated cleavage of the intermediate filament protein K18 to produce a measurable fragment in blood is an early event in cellular structural rearrangement during apoptosis in contrast to the full length version of the protein present in blood from necrotic cell death [11] . The use of immunoassays directed towards the recognition of caspasecleaved K18 (cK18; apoptosis) and full length K18 (FL-K18; necrosis) have been reported in clinical studies as biomarkers for the therapeutic drug monitoring of chemotherapeutic agents [12] and for the quantification of hepatocyte cell death mode during liver disorders such as non-alcoholic steatohepatitis (NASH) [13] and hepatitis C infection [14, 15] .
It is widely regarded that hepatocyte necrosis constitutes the major form of cell death following APAP overdose in animal models [16] . This is based on morphological evidence, lack of caspase activation and the fact that caspase inhibitors do not protect against APAP hepatotoxicity in mice [16, 17] . However, in most of these studies fasted mice were used. Fasting can reduce cellular ATP levels, which may inhibit apoptotic cell death (4, 5) . In support of this hypothesis, limited apoptotic cell death was observed after APAP overdose in fed CD-1 mice [3, 4] . Thus, apoptosis may occur under certain conditions during APAP hepatotoxicity. It is widely accepted that mitochondrial targeting during APAP hepatotoxicity represents a critical mechanism triggering cell death in both in vitro and in vivo models and this process can result in either apoptotic or necrotic cell death depending on energy or redox status [18, 19] . The induction of the immune response in animal models has been proposed as a key mechanism to control the extent of hepatic damage following APAP treatment [20, 21] . However this remains controversial [22, 23] and little is known about the physiological relevance of these mechanisms and the balance of cell death mode in man.
Total HMGB1 and cK18 have been shown to be elevated in APAP overdose patients [5] , a finding supported by immunostaining of tissue sections showing that hepatocytes stained positive for cK18 at the time of death or transplantation [24] . Moreover, higher circulating levels of cK18 have been shown in patients who died or obtained a transplant than in spontaneous survivors [24, 25] . Interestingly, in a case report for APAP overdose, limited evidence for apoptotic cell death compared to necrosis was found during the course of the disease [26] . However, there are several limitations with currently published clinical investigations evaluating the mode of cell death induced by APAP during ALI. First, the samples mainly reflect the liver status during the late stages of liver failure (when APAP metabolic activation is complete), not during the acute cell death phase after APAP overdose. Second, the focus of most studies centre on apoptosis and did not consider necrotic cell death or the quantification of the different molecular forms of HMGB1 [25] . Third, reported data often combines patients with different aetiologies into the ALF group and did not specifically consider APAP overdose patients. Fourth, APAP overdose cohorts are often limited in number and fifth, reported investigations often do not consider the serial relationship between cell death mode with patient outcome or prognosis [5, [24] [25] [26] [27] .
Due to these conflicting results, a more detailed evaluation in larger patient cohorts focused on APAP overdose is needed to evaluate the balance between apoptosis, necrosis and the inflammatory response during the acute phase and through the time course of APAP hepatotoxicity seen clinically. A comprehensive understanding of the cellular events leading to DILI in man could improve clinical management and inform the design of therapeutic interventions. This investigation builds upon previous pre-clinical mechanistic findings [3] and uses established methodologies and has developed novel mass spectrometry assays to identify and quantify different molecular forms of HMGB1 and K18 circulating in blood. The ultimate aim of this investigation is to utilize HMGB1 and K18 to understand cell death mode and inflammatory mechanisms during the acute stage and throughout the time course progression of APAP-induced hepatotoxicity in man and how this relates to patient prognosis and outcome.
EXPERIMENTAL PROCEDURES

Patients and volunteer sample collection
The study was prospectively approved by the local human research ethics committee and informed consent was obtained from all patients, or the patient's next of kin, before entry into the study. This study also builds upon previous pilot analysis [5] . A combined total of 84 adult patients (age>16 years) admitted to the Royal Infirmary of Edinburgh or the University of Kansas Medical Center with acute liver injury were enrolled. Acute liver injury (ALI) was defined as described previously [5] . Patients were then grouped as APAP overdose with abnormal liver function tests (LFT) and with normal liver function tests. Clinical parameters recorded daily for each patient during hospitalization included age, sex, mean arterial blood pressure, encephalopathy grade, inotrope requirement, need for renal replacement therapy and outcome [survived (S), died (D) or underwent liver transplantation (LT)]. Laboratory parameters measured daily for each patient included serum ALT, serum creatinine, prothrombin time and full blood count. Illness severity was quantified daily by the King's College Criteria and the Acute Physiology and Chronic Health Evaluation (APACHE) II score. All patients with reported APAP overdose received continuous intravenous N-Acetyl-Cysteine (NAC) treatment. For the APAP overdose with normal LFT cohort, blood was collected at the end of the intravenous 20hr 15min NAC treatment cycle. In both groups, on each day of hospital admission peripheral blood samples were collected then immediately centrifuged at 1000×g for 15 minutes at 4°C for either serum or plasma collection. The supernatant was then separated into aliquots and stored at −80°C until analysis. Serum samples were collected daily for 14 days from 31 healthy volunteers that were age and sex-matched to the APAP-abnormal LFT cohort and subjected to the same analysis as the patient groups.
Assessment of HMGB1 and K18 molecular forms in patients and healthy volunteers
Total HMGB1 content and K18 values were selected as predefined endpoints for retrospective analysis from either serum or plasma. Total HMGB1 content was determined by ELISA according to the manufacturer's guidelines and as described previously [3] . cK18 and total K18 were determined using the M30 (apoptosense) and M65 ELISAs according to the manufacturer's guidelines and as described previously [12] . FL-K18 was determined by subtracting M30 ELISA values from the M65 data. An apoptotic index (%) was calculated from the ratio of caspase-cleaved K18 as a proportion of overall K18 (M30 divided by M65) as previously described [28] . For all analytes, the inter-and intra-assay variability was less than 20% for all assays. All HMGB1 and K18 determinations were conducted blindly. Mass spectrometric identification of HMGB1 and K18 molecular forms was carried out as previously described [3] .
The novel quantification of acetylated HMGB1 was also carried out by mass spectrometry. Synthetic peptide K(Ac)SK(Ac)K(Ac)K(Ac)K(Ac)EEEE was purchased from Invitrogen at >95% purity. The charged nature of the peptide led to rapid adsorption to plastic surfaces, consequently glass vials were used throughout. A tryptic digest of HSA, desalted using reversed phase ZipTips (Millipore, MA, USA), was used as a proteinaceous carrier solution for the synthetic peptide to minimise further losses through electrostatic interactions during LC-MS. The peptide also displayed a tendency to precipitate on-column in several different mobile phases, and this effect was worse with some reversed phase nano-columns than with others. Here, the synthetic peptide in a background of 2.4pmol/μl HSA digest was delivered into a hybrid triple quadrupole-linear ion trap mass spectrometer (5500 QTRAP, AB Sciex, Foster City, CA, USA) equipped with a NanoSpray II source by in-line liquid chromatography using a U3000 HPLC System (Dionex, CA, USA), connected to a 180μm × 20mm nanoAcquity UPLC C 18 3) peptides were also included in the MRM method. No higher charged peptide ions were observed. MRM transitions were acquired at unit resolution in both the Q1 and Q3 quadrupoles to maximize specificity, they were optimised for collision energy and collision cell exit potential, and dwell time was 50ms. MRM survey scans were used to trigger enhanced product ion MS/MS scans of the modified peptide, with Q1 set to unit resolution, dynamic fill selected and dynamic exclusion for 20s. Standard curves were prepared from 100amol to 500fmol on-column in HSA digest, and a spiked internal peptide was used as a loading control. MRM peak areas were determined by MultiQuant 1.2 software (AB Sciex). HMGB1 isolated from 1ml patient serum was digested with GluC and ZipTipped, it was resuspended in 15μl 0.05% TFA and 6μl was loaded on-column.
Statistical analysis
Each data set was analysed for non-normality using a Shapiro-Wilk test. For tow nonnormal data sets, comparisons were made using the Mann-Whitney U test. The KruskallWallis test was used to determine significance between more than two non-normal sample groups. All calculations were performed using StatsDirect statistical software. For correlative analysis, Pearson's Correlation test was used using the GraphPad PRISM software. Results were considered significant when p<0.05.
RESULTS
HMGB1 and K18 molecular forms are present and elevated during APAP-induced ALI Table 1 summarizes demographics for all APAP overdose patients and healthy volunteers enrolled into the study. In our cohort, survival without transplant was similar to that reported by others [29] . Baseline data for all biomarker observations in the healthy volunteer cohort were also comparable to published data [28, 30] . In APAP overdose patients with an abnormal liver function test (APAP-abnormal LFT) we positively identified the presence of both apoptosis and necrosis-related K18 and total HMGB1 by ELISA. Furthermore, as described previously in animal models of APAP hepatotoxicity, in patient sera we confirmed the cleavage of K18 at the caspase activity motif (Fig. 1A ) from apoptosis derived K18 (cK18) and the FL-K18 protein derived from necrotic cells (Fig. 1B) by LC-MS/MS. We also confirmed the presence of acetylated-HMGB1 (inflammatory derived) variant in the sera of APAP overdose patients (Fig. 1C) [4, 9] . All three biomarker values (Total HMGB1, cK18, FL-K18) were significantly elevated in the sera of these patients on day 1 of their enrolment to the study above the values observed for healthy volunteers and APAP overdose patients with normal LFTs (APAP-normal LFT) (table 1). The lack of an elevation in any serum biomarker in the APAP-normal LFT group represents an important control group and demonstrates the lack of false positive detection by this panel of cell death-associated indicators. Furthermore, table 2 illustrates the values obtained for each of the novel biomarkers investigated in comparison to ALT activity when the patient cohorts were split according to country. No statistical significance was found for any of the novel biomarkers investigated between the U.K and U.S.A cohorts.
The relationship between total HMGB1 and FL-K18 with ALT activity, PT time and encephalopathy during APAP-induced ALI
Within the APAP-abnormal LFT cohort, there was a strong and significant correlation with the currently used gold standard biomarker for hepatocyte death, serum ALT activity, for both HMGB1 (R 2 =0.60, P<0.0001) and necrosis FL-K18 (R 2 =0.58, P<0.0001) ( Fig. 2A-B) . There was also a strong and significant correlation between both HMGB1 (R 2 =0.62, P<0.0001) and necrosis FL-K18 (R 2 =0.71, P<0.0001) with prothrombin time, a marker of decreased hepatic function during APAP-induced liver injury (Fig. 2C-D) . A significant relationship was observed with increasing encephalopathy score with elevated FL-K18 and total HMGB1 (Fig. 2F-G) . Renal failure is also an important factor for patient survival following APAP overdose. However, within this investigation, no significant correlation between ALT activity (R 2 =−0.02, P=0.28), total HMGB1 (R 2 =−0.21, P=0.16) or necrosis K18 (R 2 =−0.25, P=0.10) and markers of renal integrity (serum creatinine) was observed.
Time course quantification of HMGB1 and K18 molecular forms in patients with APAPinduced liver injury
We have previously shown the quantitative time course of the appearance of different molecular forms of HMGB1 and K18 in preclinical models of APAP hepatotoxicity [3] . Following this we then sought to determine the translation of these findings to the clinical situation. Previously published pilot data quantifying HMGB1 and K18 during clinical APAP hepatotoxicity suffer from the limitation of no serial analysis of the changes in biomarker profiles during the progression of the disease or quantification of the different molecular forms of either HMGB1 and K18 which are derived from different cell types and different modes of cell death [5] . However, within this investigation, daily samples were taken from all patients enrolled into the study for biomarker analysis. The absolute levels and changes in biomarker profiles within blood following APAP overdose are given for six example patients, three that died or required a liver transplant (Fig. 3A-C) and three that spontaneously survived (Fig. 3D-F) following APAP overdose.
It is often difficult to obtain early serum samples from APAP overdose patients at a time before ALT activity is increased so that assessments can be made with respect to the sensitivity of potentially novel mechanism-based biomarkers. Within this study two patients had normal LFT upon study admittance and subsequently went on to develop liver injury. An example case is given in figure 3E . In these particular cases, all biomarkers measured in serum (total HMGB1, FL-K18 and cK18) were significantly elevated 24hr prior to an increase in ALT activity (Fig. 3E) . Moreover, all biomarkers measured returned to baseline levels (values not significantly different from healthy volunteers) prior to ALT. Notably, when a significant increase in acetylated HMGB1 was observed, this was delayed compared to the elevation in serum total HMGB1 (Fig. 3A-C) .
Quantification of HMGB1 and K18 molecular forms predicts patient prognosis by KCC or survival during APAP-induced liver injury
The Kings College Criteria (KCC) represent a specific (>90%) method for the prediction of patient mortality without transplant following APAP overdose based on prothrombin time, creatinine and encephalopathy [31] . Table 3 further sub-divides the quantitative biomarker characteristics from our APAP-abnormal LFT cohort by whether or not they meet the KCC and by eventual outcome. The determination of ALT activity alone upon presentation or calculated on day one of admittance into the study does not predict which patients meet the KCC or which patients ultimately die. It would be beneficial if a novel mechanism-based biomarker or panel of biomarkers could provide improved prognostic indication rather than simply correlate with current markers. There was no significant difference in mean ALT activity observed between patients that met the KCC and those that did not and between survivors and those that died or required a liver transplant (table 3) . However, quantification of either total HMGB1 content or necrosis related FL-K18 or apoptosis related cK18 revealed that the mean serum value was significantly elevated in patients that met the KCC (table 3) . In contrast to these findings, the mean value for the percentage of K18 derived from apoptotic cells present in blood was significantly lower in patients that met the KCC compared to those that did not (table 3) . Interestingly, acetylated HMGB1 was only found to be elevated in patients that met the KCC (table 3) . Values for acetylated HMGB1 were not significantly different from control values in the patient group that did not reach the KCC criteria. Furthermore, similar findings were obtained when patients that required LT/died were compared with spontaneous survivors (table 3) . Within this investigation we used AUC-ROC (Area under the curve -receiver operator characteristic) curve analysis as a metric for statistical assessment of the relative performance of each protein to reflect whether a patient reaches the KCC or whether a patient requires a liver transplant or dies. This permits statistical evaluation of one marker compared to another by comparing that proportion of true and false positives with true and false negatives. All molecular forms of HMGB1 and K18 quantified within this study from both cohorts outperformed ALT activity (higher AUC) for the prediction of patients meeting the KCC and for the eventual outcome (death/liver transplant) (Fig. 4) .
DISCUSSION
The current battery of available biomarkers to assess liver integrity include a combination of circulating markers of hepatocellular death and hepatic function [32] . However, a lack of prognostic information or a robust mechanistic basis with the currently qualified biomarker panel limits its utility. Investigations to identify and validate reliable and more sensitive, emerging biomarkers that can assist prognosis or provide information reflecting the mechanistic basis of the pathological process associated with drug-induced liver injury have so far yielded candidates that are no better than the currently used clinical panel [33, 34] . By building upon previous pre-clinical analysis [3] we report the potential utility of the identification and quantification of differing HMGB1 and K18 molecular forms, by novel LC-MS/MS based analysis, during clinical APAP-induced liver injury to provide insights into the mechanism and mode of cell death observed. We have also provided evidence to suggest their added value as potential prognostic biomarkers of patient outcome.
By use of a combination of established ELISAs and novel mass spectrometric assays, we were able to undertake the simultaneous measurement of multiple parameters of apoptosis, necrosis and inflammation which allowed us to develop an understanding of cell death mode dynamics seen following APAP overdose in patients who presented with a wide range of severities of APAP-induced liver injury. The assessment of cell death mode dynamics during the acute phase of injury and the serial analysis of the changing biomarker profile throughout the progression of the disease time course is of particular importance with respect to mechanisms. Furthermore, we were able to investigate this blindly in increased patient numbers compared with previously published studies, by virtue of the recruitment of patients from two centres (one US based, one UK).
Within this investigation, apoptosis and necrosis were assessed by measurement of circulating levels of caspase-cleaved K18 using an assay that has been widely used for the assessment of cell death induced during chemotherapy [12] and for hepatocyte death during viral infection and NASH [13, 14] . The results presented in this investigation show that during the acute phase of APAP hepatotoxicity, around 15% of the total K18 abundance was derived from apoptosis during the acute phase of the diseases time course. However, necrosis was the dominant form of cell death.
Without a histological determination reflecting the actual degree of hepatocyte apoptosis, the observed quantification of apoptotic cell death by K18 ELISAs may or may not exaggerate the real rate of apoptosis. However, the data presented here are consistent with that obtained in an animal model in which it was possible to relate K18 fragmentation directly to histology, and in which the protein cleavage was further characterised by mass spectrometry [3] . The data from this investigation illustrate the translational nature of K18 as a potential bridging biomarker between man and experimental models of DILI and importantly, demonstrate that mechanisms evaluated in animal models reflect the clinical situation. The relative balance between apoptosis and necrosis assessed by K18 in this study is similar to the acute phase of cell death induced by APAP in animal models under certain conditions where necrosis is the major form of cell death which ultimately results in liver failure and death [4, 35] . Apoptosis and necrosis frequently coexist in pathological conditions of the liver and it is important to note that the balance of cell death may be dictated by the particular insult or the strain of mouse used [4, 36] . Nevertheless, these findings support the translational applicability of K18 as a mechanism-based biomarker of DILI and that these data are consistent with the global view that APAP-induces necrosis predominantly over apoptosis [16] .
This investigation also presents the first identification and quantification in the clinical situation of the circulating acetylated form of HMGB1 derived from activated immune cells. In animal models, a biphasic relationship is seen between necrosis-related HMGB1, which is associated with ALT activity, and then a later elevation in immune cell derived (acetylated) HMGB1. These different molecular forms show a clear distinct time course and represent different mechanisms/events associated with APAP hepatotoxicity in animals models where it is possible to connect histological findings with quantitative blood based biomarker parameters [3] . During clinical APAP hepatotoxicity, the time course profile of HMGB1 mirrors that also seen in animal models following APAP treatment. Therefore, the identification and quantification of the molecular forms of HMGB1 can further assist the understanding of the clinical mechanism of APAP hepatotoxicity. The changing cellular mechanisms within the liver (i.e. inflammatory cell infiltration and activation) during the clinical time course may potentially be reflected by the blood-based quantitative profile of these molecular forms of HMGB1. Furthermore, acetylated HMGB1 was only elevated in patients that died/required a liver transplant or those that had a worse prognosis. Acetylated HMGB1 therefore holds potential as a prognostic indicator of DILI. This illustrates a significant mechanistic finding given the fact that the exacerbation of APAP hepatotoxicity in animal models is thought to be dependent upon the induction of the immune response [20, 21] . Moreover, increased levels of pro-inflammatory cytokines have been shown to associate with patient outcome follow APAP overdose in a previous investigation [37] . However, the role of the innate immune system in experimental DILI remains highly controversial [22, 23] . Therefore, the quantification of pro-inflammatory cytokines in relation to acetylated HMGB1 and how this related to patient outcome remains an important research question. There is therefore a need to develop mechanism based biomarkers that can be used in both man and in relevant animals. Such experimental tools will enable the integrated experimental studies required to define the role of various systems in the progression of DILI from chemical insult to irreversible liver failure. This in turn will facilitate the design and development of safer medicines and the more effective use of established drugs in man.
Although evidence for both apoptosis and necrosis was observed during the acute phase of liver injury and activation of the immune response was seen later, the toxicological and clinical relevance in man remains unclear. Here we show that the identification and quantification of the molecular forms of HMGB1 and K18 hold potential as mechanismbased prognostic indicators during APAP-induced liver injury. Currently used qualified biomarkers of liver function and integrity lack specificity with respect to patient prognosis and the pattern of patient care is often dependent upon multi-parameter assessments, such as The King's College Criteria (KCC) [31] . Increased prognostic information derived from a potential biomarker would be of significant impact to patient care, given the relatively high incidence of fatality during ALF without liver transplant and the complications that exist following transplant (host rejection, lifetime treatment with immunosuppressants and organ availability). On the basis of analysis of 78 patients, the results from this investigation show that elevated total and acetylated HMGB1, FL-K18 and a lower percentage of K18 derived from apoptosis all associate with patients that had a worse prognosis or died/required liver transplant. This finding was also supported by ROC analysis and previously published findings reporting that the quantification of circulating cell death markers may improve prognostication in ALF [26, 27, 38] and that previous studies report that caspase activation is associated with spontaneous recovery during ALF [39] . The findings from this investigation and its relationship to novel serum indicators of APAP metabolic activation [40] would further develop the understanding of clinical mechanisms of APAP hepatotoxicity and could potentially assist patient management strategies.
However, although blinded, these observations are based on a retrospective analysis of an APAP over dose cohort and conclusions drawn are subject to this limitation. However, given the observed protective role played by the induction of apoptosis under certain conditions in animal models [3] and that keratins are key to maintaining structural integrity in liver disease [41] and that anti-HMGB1 antibodies can modulate APAP hepatotoxicity in mice, a further prospective analysis is required based on this data to further define the prognostic utility of the differing molecular forms of HMGB1 and K18 during APAP overdose.
Therefore, when used alongside established biomarkers, these mechanism-based biomarkers aid the further understanding of basic cell death mode dynamics during the early stage of APAP hepatotoxicity seen clinically and throughout the time course of disease progression or resolution. This understanding may ultimately be fed back into the evaluation of novel therapeutic interventions and improve patient care. Particularly if therapeutic interventions are targeted toward particular cell death processes, these circulating mechanistic indicators may then become critical clinical endpoints [15] . Correlation between circulating total HMGB1 (ng/ml) and necrosis K18 (U/l) with either (AB) ALT activity (U/l) or (C-D) prothrombin time (sec) from individual APAP overdose patients with acute liver injury. Comparison of admission ALT activity (E), total HMGB1 content (F) and necrosis K18 (G) with maximum encephalopathy score. Combined data set from the UK and USA cohorts for biomarker determinations calculated from a blood sample obtained on day 1 or admittance into the study/presentation at the respective unit. Data is given for all patients admitted to the study. Regression analysis (R 2 ) and statistical significance is indicated on each figure were required. Time course quantification of circulating total HMGB1 content (ng/ml -long dash), hyperacetylated HMGB1 (ng/ml -short dash), apoptosis cK18 (U/l -short dash) and necrosis FL-K18 (U/l -long dash) from six representative patients from the study in comparison with ALT activity (U/l -solid black). All patients either died or required a liver transplant following APAP overdose (A-C) or spontaneously survived (D-F). Biomarker determinations were calculated from a blood sample obtained on day 1 of study admittance and then at 24hr intervals. Baselines for each biomarker in healthy controls are given in table one for comparison. Combined data set from the U.K and U.S.A cohorts for biomarker determinations calculated from a blood sample obtained on day 1 or admittance into the study/presentation at the respective unit. Data is represented as the median with the inter-quartile range (IQR). For serum biomarkers, statistical significance was assigned as **p <0.01 and ***p <0.005 for APAP overdose patients with and without abnormal LFT compared to healthy volunteers. 
